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Basic idea of the experiment

LH Recombination

3. s Study permeation in W foil
s S with D species having
i N different kinetic energy at
2 different temperatures
. QP crobination/ ¢ Surface processes vs.
direct implantation
Ag N, Disl. loops

W-irradiated area L pisl. lines
O Vacancy {cluster)

» Measurement of D uptake in 2 um self-damaged W layer of the permeating D as function of D atom/ion

fluence [B. Tyburska et al. JNM 415 (2011) S680-S683]
* To prevent D atom or molecule on the downstream side an additional protective Al,O, layer with an Ag
spacer was deposited on the damaged side.
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Experimental set up

Sample preparation procedure = 50 um W foil (Goodfellow)
Recrystalized

20 MeV W irradiation at 290 K to a fluence of 7.8e17 W/m2 —
0.23 dpa in peak maximum

Protective layer with Ag (1 um) spacer
(deposited by A. Manhard/MPG by magnetron sputtering
following the procedure by [Kapser et al. NME 12 (2017) 703—
708.)

Sample mounted on a home-made heater (copper plate with
embedded two filament heater) with a central hole for ion
beam analysis.

Ag irradiated
area

Exposure
side
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Experimental set up

Upstream side: Exposure to D atoms of 0.3 eV energy
or D ions with 300 eV energy at 600 K and 700 K foil
temperature.

Downstream side: In_situ analysis by Nuclear
Reaction analysis (NRA) using 3He beam from 2 MV
Tandem accelerator on the side where displacement
damage layer by 20 MeV W ions was created with
protective layer on top

v Good separation of D in Al,O, and
in W damaged layer

Energy
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Results: D permeation through W with 300 eV/D ions

D ion exposure
“ Experiment
v' Exposure to D ions (flux 818 D/m?) for ~ 600/700 K for ~ 75 h/ 96h

% Observations
v' Measured D depth profiles on the downstream side

v lons - Surprise: No diffusion front visible but raising D concentration within
damaged layer
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Results: D permeation through W with 0.3 eV D atoms

D depth profiles — Comparison atoms
D atom exposure vs ions at 700 K
* Experiment

0.10 . L . L . ' ' ' ' ' 0.5
v Exposure to D atoms (flux 518 D/m?) at 600/700 K '
for ~160 h/ 250 h - FoilW6 ions 600 K 5h {04
e FoilW5 atoms 600K 162h
o Observations .g. FoilW8 atoms 700K 114h 1 03 :;
v" Measured D depth profiles on the downstream side % 0-05 .
3] . - 40.2 %
8 — '- I
v Atoms: Very low concentration and also ‘constant D = ) 104 °
concentration through the damaged layer — different | i r— ;
compared to the depth profile measured at direct ool 4——+F % 'L 100
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Results: Comparison of D permeation through W with D atoms

and 300 eV/D ions

Experiment
v' Exposure to
D atoms at 600/700 K for ~ 160 h/ 250 h
D ions for ~ 600/700 K for ~ 75 h/ 96h

Observation

Very short “lag time” in all cases
lons: slower increase at 700 K
Atoms: very slow — faster at 700 K
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thermal detrapping — surface barrier
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Modelling: D permeation through W foil

Self-damaged layers

3 traps [M. Pecovnik et al, Nucl. Fusion 60 (2020)]:
Trap 1: E4. = 1.46 — 1.08 eV (5 levels),

ne = 0.140 (600 K) — 0.105 (700 K) at.%
Trap 2: E4; = 1.86 — 1.68 eV (2 levels),

ny = 0.140 (600 K) — 0.125 (700 K) at.%
Trap 3: E4; = 2.05 eV, n, = 0.050 at.%

» Defect annealing — D concentration decrease a

Using D(T) = 1.9 X 107 exp (— O]'{Z eTV) m?s1 (DFT calculations from [Fernandez et

al, Acta Mater. 94 (2015)]

Boundary conditions on the exposed surface:

Surface model parameters for atoms and also for ions [Hodille et al, Nucl. Fusion 60 (2020)]
Including sputtering of adsorbed D by high energy ions [Hodille et al, Nucl. Fusion 64 (2024)
046022] With Ys, ¢ = 3

No Desorption at the back surface (to simulate the alumina layer)
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Modelling: Boundary conditions

lons or
atoms
2.2
. Kinetic surface model: No flux conditions:
3 dCsurf __ Icm _
<4 surf - vac dt Fi - Fout + Fsurf<—>bu1k Ox =0
dcm
H] — s —; = Fsurfobulk — Faitr
—— Markelj 2013
0.6 . ‘ [ons > feweV
107* 1072 10! 10° . I >
9 = ot e Abstraction by atoms: Atoms <eV
2.25 i _ -21 2 A
2001 i O-abs - 1-7 X 10 m Y -+
1754 i - Hodille et al, Nucl Fusion 60 (2020) 106011
s :E 1% D,=2.25 eV
= 150 !
& i ) . . Q=lev
™ surrf2 ~ bulk ; Abstraction (sputtering) by ions: - rV
° D T : i tio -0 5. IS site Distance
LO0T g T i Ysput = 3.0 or USput = 2.7 X 10_20 m? e W lEhovs e Ee1rap=0.8 - 2 o
1078 1072 107! 10 chemisorplion -
0 = Courf/Mgur g Hodille et al, Nucl Fusion 64 (2024) 046022 e —

surface bulk
Hodille et al, Nucl Fusion 60 (2020) 106011
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Modelling: D permeation through W foil

W-irradiated area
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Modelling: D permeation through W foil

In both simulation and experiment the same

temperature behaviour: 1620

lons: Ret(600 K)>Ret(700K) Il iebsow e
Atoms: Ret(600K)<Ret(700K)

s It is temperature (T) dependent:
** because of solute concentration changes with T —

Increases with T for atoms, decreases for ions
+* damage concentration decreases due to
annealing (700 K), higher detrapping

D ret. (D/m?)

Nucl. Fusion 59 (2018) 086050

El} T T T T
0 50 100 150 200 250 300
time (h)

/ Atoms [Hodille NF 2018])

400 500 600 700 800 900 1000 1100
T [K
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Modelling: Scanning the diffusion coefficient

* Higher diffusion coefficient than from DFT [Fernandez et al, Acta Mater. 94 (2015)] Ediff=0.2 eV
or recent measurements [Holzner, G., Phys. Scr. T171, 014034 (2020).] Ediff=0.28 eV

» Obtained effective diffusion values

D retention (D/m~2)
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H-prefiling - basic idea of the experiment with

Al,O,

LH Recombination

. Study D uptake but with H-
qo Reﬂe.ction prefi li ng
Datom;:- . » H-prefilling to decorate the
D,

deep traps in the foil
ER Recombination/ » Faster transport for
® Abstraction
subsequent D

Ag ) ' Y, Disl. loops
Wh-irradiated area | pisi. lines

O Vacancy {cluster)

D ions

A
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Uptake in H pre-filled W foil at 600 K

Idea: filling the deep traps by H atoms, is then D depth profiles — lons at 600 K;

diffusion faster? Comparison prefilled with H ions
and no H-prefill

H pre-filled W foil: First H ion exposure and 0.
. s Foil10 recry. Foil9 stress rel.

second D ion exposure 1 T —o— 5h 5h
< Experiment 0]t r — A
Exposure scenario: = e i Foil6 No H preil
1. Hions 24 h (flux 5618 D/m?2) at 600 K for Soaf | & [ =s-wols-omseook7sn
2. Dions (flux 6e18 D/m2) at 600 K for ~ 50 h g T
> Exposure of recrystallized foil and stress relieved £ *“Ji {1 )

foil (heating to 1200 K) > ol T S o —
<+ Observations 0.0 = 331 Tt L“'l‘;

-
[N
w
B

« Difference in D retention between recrystallized

. . . Depth [um]
foil and stress relieved foil?
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Uptake in H pre-filled W foil at 600 K

Idea: filling the deep traps by H atoms, is then
diffusion faster?

H pre-filled W foil: First H ion exposure and

second D ion exposure

 Experiment =

Exposure scenario: =

1. Hions 24 h (flux 518 D/m?2) at 600 K for §

2. Dions (flux 6e18 D/m?) at 600 K for ~ 50 h =

» Exposure of recrystallized foil and stress relieve: §
foil (heating to 1200 K) s

% Observations

« Difference in D retention between recrystallized
foil and stress relieved foil ?

« After 24 of exposure the D retention is more than

4 times higher compared to no pre-filling with H

)
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Uptake in H pre-filled W foil at 400 K

= Study of D permeation in H-prefilled W foil at low temperatures through W foil with 300 eV/D ions

S 600 Foil  strese raleved
] H-prefilled
»  Exposure of stress-relieved 50 ym W foils with protective 500 - /
layer Al,O, _— . & 25 Mev
1. Exposure to H ions (flux 3x101® H/m2s) at 600 K for 24h g 40 o e 20 M
2. Exposure to D ions at 400 K; flux 2.7x10'8 D/m2s 8 200- ot e
% 200-
o
T
v' After 96 h the NRA signal the same as after 4 h °r 0oy e 200 K Froreriied
v" No observable D uptake at 400 K even after H prefilling at I e e I |
600 K to saturate the deep traps 0 20 40 60 80 100 | 120
s Graph shows comparison to previous exposures at 600 K Exposure time [h]
and 700 K
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Uptake in H pre-filled W foil at 500 K

= Study of D permeation in H-prefilled W foil at low temperatures through W foil with 300 eV/D ions

500 K case 30—
»  Exposure of stress-relieved 50 uym W foils with o Foil 9 stress relieved
protective layer Al,O, £ H+Dions 620" N
1. Exposure to Hions (flux 3x10"® H/m?s) at 600 K for = 20+ .
24h =
2. Exposure to D ions at 500 K: flux 2.7x1018 D/m2s = )
S 104 ¢ T i
PR
v After 46 h the NRA signal started to increase — E ©° o Foil 12 glress relievgy
different position on the foil (factor of 6 in D signal 2] /‘3 50 oV lons
change from one position to another) ) H ions 600 K + D ions 500 K
0 20 40 60 8 100 120
s Comparison to previous exposures at 600 K and c -
400 K without and with H-prefilling xposure fime [h]
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Permeation at 400 K and 500 K

= Study of D permeation in H-prefilled W foil at low temperatures through W foil with 300 eV/D ions

> Exposure of stress-relieved 50 um W foils with 0.4 4

protective layer Al,Oj —o— Foil10 ions 600K 5h Exch
1.  Exposure to H ions (flux 3x10"® H/m?s) at 600 K for —x— Foil12 ions 500K 70h Exch

24N — —*—Foil12 ions 500K 94h Exch
S —#— Foil12 ions 500K 95h Exch
2. Exposure to D ions at 500 K; flux 2.7x10'8D/m2s & T romalons =
g 0o I
v" D depth profile shows filling of the W foil from the §
backside T
v Very variable D signal over the W foil — Last depth ‘ — t
profile measured at maximum D signal (grain 0.048 8O0
boundaries?) -1 0 1 2 3 4
Depth [um]
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Conclusions & Future plans

Influence of surface kinetics on D uptake
* Assuming similar fluences —ion permeation faster
 Temperature effect — faster at 700 K for atoms — influence of surface barrier

— slower at 700 K for ions — thermal detrapping / damage annealing
H-prefiling does promote faster uptake

Future

Macroscopic rate equation modeling — Suggestion of new model including 2 diffusions
path (grain boundaries ?) - the implementation of such model started

Permeation in stress relieved foil versus recrystallized — grains micrometer size for D
atoms at 600 K — influence of grain boundary diffusion
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20TH INTERNATIO
PLASMA-FACI

LJUBLJANA, 19 - 23 May 2025

Topics
Tungsten, tungsten alloys, and advanced steels
Low-Z and liquid materials

Erosion, re-deposition, mixing, and dust formation

the capital city of Slove
® Fuel retention and removal
The conference will take place at the * Materials under extreme thermal and particle loads
Grand Hotel Union Eurostars, ®* Technology and qualification of plasma-facing components

Miklosi¢eva cesta 1, 1000 Ljubljana, Slovenia.
* Neutron effects in plasma-facing materials

® Fusion devices and edge plasma physics
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